Signaling complexes are essential for the modulation of excitability within restricted neuronal compartments. Adaptor proteins are the scaffold around which signaling complexes are organized. Here, we demonstrate that the Camguk (CMG)/CASK adaptor protein functionally modulates Drosophila Ether-á-go-go (EAG) potassium channels. Coexpression of CMG with EAG in Xenopus oocytes results in a more than twofold average increase in EAG whole-cell conductance. This effect depends on EAG-T787, the residue phosphorylated by calcium-and calmodulin-dependent protein kinase II (Wang et al., 2002). CMG coimmunoprecipitates with wild-type and EAG-T787A channels, indicating that T787, although necessary for the effect of CMG on EAG current, is not required for the formation of the EAG-CMG complex. Both CMG and phosphorylation of T787 increase the surface expression of EAG channels, and in COS-7 cells, EAG recruits CMG to the plasma membrane. The interaction of EAG with CMG requires a noncanonical Src homology 3-binding site beginning at position R1037 of the EAG sequence. Mutation of basic residues, but not neighboring prolines, prevents binding and prevents the increase in EAG conductance. Our findings demonstrate that membrane-associated guanylate kinase adaptor proteins can modulate ion channel function; in the case of CMG, this occurs via an increase in the surface expression and phosphorylation of the EAG channel.
Introduction
Ether-á-go-go (EAG), the Drosophila ortholog of KCNH1, is the founding member of a family of potassium (K) channels identified by the presence of domains with homology to the PAS (Per, Arnt, Sim) and cyclic nucleotide-binding domains of other proteins Guy et al., 1991; Warmke et al., 1991; Morais Cabral et al., 1998) . eag larvae exhibit spontaneous action potentials in the motor nerve and excitatory junctional potentials in muscle that are broadened compared with those of wild-type larvae (Ganetzky and Wu, 1985) . EAG is present in the axons and terminals innervating the larval body-wall musculature (Wang et al., 2002) and is localized with synaptobrevin in the CNS (Sun et al., 2004) .
In addition to hyperexcitability at the neuromuscular junction, eag mutants also exhibit defects in associative learning (Griffith et al., 1994) . Intriguingly, there is substantial similarity in the electrophysiological and learning phenotypes of eag mutants and transgenic Drosophila expressing an inhibitory peptide of calcium-and calmodulin-dependent protein kinase II (CaMKII) (Griffith et al., 1994) , and phosphorylation of EAG by CaMKII results in a dramatic increase in current (Wang et al., 2002) . Recent work has demonstrated that Drosophila CaMKII interacts with the Camguk (CMG) adaptor protein (Lu et al., 2003) . CMG is a member of the membrane-associated guanylate kinase (MAGUK) family of adaptor proteins and the Drosophila ortholog of CASK and Lin-2 (Hata et al., 1996; Hoskins et al., 1996; Dimitratos et al., 1997; Butz et al., 1998) . CMG/CASK/ LIN-2 is unique in that the N terminal (NT) displays considerable homology to CaMKII. The kinase domain of CMG, although appearing nonfunctional as a kinase, associates with CaMKII in an ATP-and calcium/calmodulin-dependent manner (Lu et al., 2003) . Once calcium levels decline, CMG downregulates cellular CaMKII activity by releasing the kinase in a form that must be dephosphorylated before it can be activated by subsequent increases in calcium.
Given the regulation of EAG function by CaMKII, we sought to determine whether CMG also associates with EAG. Intriguingly, the interaction of CMG with EAG promoted an increase in whole-cell conductance and alterations in inactivation kinetics that were reminiscent of the changes in current observed as a consequence of phosphorylation by CaMKII. Indeed, mutation of EAG-T787, the site phosphorylated by CaMKII, prevented the effects of CMG without affecting immunoprecipitation of the complex. Moreover, CMG increased EAG surface expression, whereas mutation of T787 decreased EAG surface expression, indicating that CMG and phosphorylation affect channel function by the same mechanism. One possible model that could account for these findings is that CMG may locally increase kinase efficiency by ensuring that only active kinase is in the vicinity of the channel.
Materials and Methods
Plasmids and construction. For protein purification, plasmids containing DNA fragments spanning the indicated amino acids were generated by PCR using primers containing restriction sites and bases to maintain reading frame during subcloning. Glutathione S-transferase (GST) and 6Histidine (6H) fusion constructs were generated using the pGEX-4T1 or pGEX-KG vectors (Amersham Biosciences, Piscataway, NJ) (Guan and Dixon, 1991) or the pQE30 vector series (Qiagen, Valencia, CA), respectively. Where indicated, sequence encoding dihydrofolate reductase (DHFR) was subcloned into the pQE-eag construct to aid in the purification and identification of the small EAG fragment. pQE32-eag 869 -1107 was a gift from B. Ganetzky (University of Wisconsin, Madison, WI). With the exception of the Src homology 3 (SH3) domains of CMG and Drosophila discs large (DLG), GST-SH3 domain fusion proteins were a gift from Brian Kay (Argonne National Laboratory, Argonne, IL). Site-directed mutagenesis was performed using the PCR-based QuikChange mutagenesis kit (Stratagene, La Jolla, CA).
For expression of EAG mutant constructs in Xenopus oocytes, SphI and NaeI sites flanking the EAG SH3 domain-binding site were used to subclone single-site mutations from pQE-eag constructs into pGH19 -eag (Wilson et al., 1998) . A Kozak sequence was added to pGEX-cmg using PCR, and cmg, together with the Kozak sequence, was shuttled into pBluescript-KSM (a gift from W. Joiner and L. K. Kaczmarek, Yale University, New Haven, CT), which had been modified to contain the untranslated regions of the Xenopus ␤-globin gene and a more flexible cloning site.
All constructs were verified by sequencing. Protein purification. GST fusion proteins were purified according to manufacturer protocols (Amersham Biosciences). BL21 cells were freshly transformed with the construct of interest. Large-scale (1 L) cultures were grown in Luria broth with ampicillin for 6 h and then induced for 6 -12 h with isopropyl-␤-D-thiogalactopyranoside. Bacteria were harvested by centrifugation, lysed, and cellular protein solubilized in buffer containing 150 mM NaCl, 20 mM Tris, pH 7.4, and 1% Triton X-100 in the presence of protease inhibitors (0.5 mM phenylmethanesulfonyl fluoride and 0.004 mg/ml each of aprotonin, pepstatin A, and leupeptin). In some cases, GST-CMG was purified by incubation with 0.8% N-lauroylsarcosine before solubilization and then neutralized with twice the concentration of Triton X-100. This increased the yield of CMG protein without affecting binding activity. Protein suspensions were centrifuged to remove insoluble material, and the supernatant was incubated for 60 -90 min with glutathione-Sepharose 4B beads (Amersham Biosciences). Bead-immobilized proteins were extensively washed with 150 mM NaCl and 20 mM Tris, pH 7.4, and stored as a 50% slurry at 4°C until use. 6H fusion proteins were purified similarly using nickelnitrilotriacetic acid beads (Qiagen) and a solubilization buffer containing 500 mM NaCl, 20 mM HEPES, pH 7.8, and 1% Triton X-100 in the presence of protease inhibitors. 6H fusion proteins were fractionally eluted from beads using successively increasing concentrations of imidazole ranging from 8 to 400 mM. Eluted fractions were checked for the presence of the desired protein using SDS-PAGE, and fractions containing the protein were pooled and dialyzed overnight in PBS [consisting of the following (in mM): 136 NaCl, 2.7 KCl, 10 Na 2 HPO 4 , 1.8 KH 2 PO 4 , pH 7.4]. Dialyzed protein was stored at 4°C or frozen at Ϫ20°C before use. Protein concentrations were determined by comparison to known concentrations of bovine serum albumin (BSA).
Peptides and antibodies. Peptides used for binding studies and immunization were synthesized by Open Biosystems (Huntsville, AL). An N-terminal peptide corresponding to amino acids 161-179 of the EAG sequence and a purified C-terminal (CT) fragment (6H-EAG 1034 -1174 ) were used for immunization of rabbits according to standard procedures (Open Biosystems). Sera were screened against the antigens in ELISAs and in Western blots of purified N-or C-terminal EAG fragments as appropriate. Purified GST-CMG 152-897 was used for the immunization of guinea pigs as described previously (Dimitratos et al., 1997) . Phosphospecific anti-EAG antibody was a gift from Leslie Griffith (Brandeis University, Waltham, MA).
In vitro binding assays. GST fusion proteins immobilized on Sepharose beads were mixed with 6H fusion proteins in PBS containing 0.5% Triton X-100 and protease inhibitors (EDTA-free Complete tablets; F. Hoffmann-La Roche, Basel, Switzerland) and incubated with shaking for 2-3 h at 4°C. Except where indicated otherwise, the protein concentrations used were 1-2 and 0.5-1 M, respectively, in 100 l of buffer containing a constant 10 l bead bed volume. The beads were collected by centrifugation and then washed three times with PBS containing 0.1% Triton X-100, followed by three washes with 50 mM Tris, pH 8.0, 140 mM NaCl, and 0.1% Triton X-100 and a final wash with 50 mM Tris, pH 8.0. The pellets, including beads and associated proteins, were resuspended in sample buffer and analyzed by SDS-PAGE and Western blotting. Blots were probed with MRGS-6H antibody (Qiagen) followed by horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody and then visualized with ECL (Amersham Biosciences).
ELISAs. ELISAs were performed as described previously (Muller et al., 1996; Garcia et al., 1998) with minor modifications. GST-CMG fusion proteins were eluted from glutathione Sepharose according to manufacturer protocols (Amersham Biosciences). 6H-EAG 869 -1107 , at a concentration of 0.16 g/ml in BBS (125 mM borate, 75 mM NaCl, pH 8.5), was bound to the wells of Costar (Cambridge, MA) 96-well assay plates by overnight incubation (4°C). Plates were then washed extensively with BBS and blocked with BBS containing 1% BSA (BBS-BSA) before addition of serially diluted CMG protein at the indicated concentrations (50 l per well). Each concentration was assayed in quadruplicate. After overnight incubation (4°C), plates were washed four times and then incubated with anti-GST antibody (1:1000 in BBS-BSA). Plates were washed again and incubated with alkaline phosphatase-conjugated antirabbit IgG (1:1000 in BBS-BSA). After a final set of washes, binding to 6H-EAG 869 -1107 was determined by treating wells with FAST p-nitrophenylphosphate (Sigma, St. Louis, MO) and measuring the colorometric reaction at 405 nm.
Immunocytochemistry. COS-7 cells were maintained at a subconfluent density at 37°C and 5% CO 2 in DMEM supplemented with 10% fetal bovine serum (FBS). Twenty-four hours before transfection, cells were plated and grown to 80% confluence on 12 mm poly-L-lysine-coated glass coverslips (Becton Dickinson, Franklin Lakes, NJ). For transient transfection, each coverslip was washed twice with Opti-MEM (Invitrogen, Carlsbad, CA) and incubated for 10 h in 350 l of Opti-MEM containing 0.4 g of each of the indicated cDNAs and 1.5 l of LipofectAMINE reagent (Invitrogen), followed by incubation in 1 ml of DMEM with 10% FBS for 12 h. Coverslips were washed with PBS and fixed with a 3:7 mixture of 50 mM glycine, pH 2.0, and absolute ethanol for 1 h at room temperature (RT). After washing three times, cells were permeabilized with 0.1% Triton X-100 in PBS for 20 min (RT) and blocked for 30 min in a blocking buffer consisting of 10% horse serum and 0.1% BSA in distilled deionized water. Cells were then incubated with a 1:500 dilution of CMG antisera in blocking buffer for 1 h at RT, washed with PBS, and incubated with a cyanine 2-or rhodamineconjugated secondary antibody (Jackson ImmunoResearch, West Grove, PA) for 30 min at 37°C. Coverslips were mounted on glass slides with Gelmount medium (Biomeda, Foster City, CA). Results were viewed with a Zeiss (Oberkochen, Germany) LSM 510 confocal microscope, and images were prepared for publication with Adobe Photoshop (version 7.0; Adobe Systems, San Jose, CA).
Immunoprecipitations. Body-wall muscle fibers and CNS tissue from third-instar larvae of the indicated genotypes were homogenized in radioimmunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 0.1% SDS, 1% IGEPAL CA-630, 0.5% sodium deoxycholate) containing Complete protease inhibitor on ice and solubilized for 20 min. Cellular debris was removed by centrifugation (3000 ϫ g, 5 min, 4°C).
Fly head tissue was obtained from 15 ml of adult flies frozen in liquid nitrogen. Heads were collected by sieving and homogenized in ice-cold HM buffer (1 mM EDTA, 5 mM HEPES, pH 7.4, and Complete protease inhibitor). Cell debris was removed by centrifugation, and supernatant was further centrifuged to separate membranes (15,000 ϫ g, 15 min). The heavy membrane pellet was solubilized in ice-cold buffer (HM buffer plus 100 mM NaCl and 1% Triton X-100) for 20 min, and supernatant was precleared with protein-A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA).
For immunoprecipitations from Xenopus oocytes, 30 oocytes for each condition were homogenized in 1.5 ml of 100 mM NaCl, 1 mM DTT, 0.5% Triton X-100, 20 mM Tris, pH 7.4, and Complete protease inhibitor and then solubilized on ice for 15 min. Homogenate was centrifuged 20,000 ϫ g, 4°C, for 10 min and the supernatant collected.
Protein concentrations of homogenates were determined using Bradford assay (Bio-Rad, Hercules, CA) and equilibrated across conditions by diluting homogenates to a concentration of 2 mg/ml. A volume of 600 l of diluted extract was used for each immunoprecipitation reaction. CMG and EAG (NT) antisera were added to protein samples and incubated for 16 h at 4°C. Immunocomplexes were precipitated with protein-A/G beads for 2 h at 4°C and then washed three times in solubilization buffer and boiled for 10 min in sample loading buffer (250 mM Tris, pH 6.8, 12.5% glycerol, 0.125% bromophenol blue, 1% SDS, 3% ␤-mercaptoethanol). After addition of sample buffer, 5, 10, and 20 l were loaded in each lane for extracts, immunoprecipitated proteins, and coimmunoprecipitated proteins, respectively.
Immunoprecipitations and cellular extracts were resolved via SDS-PAGE (8% acrylamide, 250 mM Tris, pH 6.8, 2.5% SDS) and transferred to polyvinylidene difluoride (PVDF) membrane for Western blotting. Blots were blocked (5% dry milk in TBS) and washed, probed with either CMG or EAG (CT) sera (1:1000 and 1:2000, respectively) followed by HRP-conjugated secondary antibody (1:2000) , and visualized by ECL (Amersham Biosciences).
For experiments biotinylating surface membrane proteins, oocytes were washed in cold PBS and then incubated for 30 min in 2 mM sulfo-NHS-LC-biotin (Pierce, Rockford, IL) in PBS. The labeling reaction was quenched with three washes of 100 mM glycine in PBS. Fifty oocytes were homogenized in 1 ml of Buffer H (100 mM NaCl, 0.5% Triton X-100, 20 mM Tris, pH 7.4) supplemented with Complete protease inhibitor, 1 mM orthovanadate, 1 mM benzamidine, 1% phosphatase inhibitor cocktail 1 (Sigma), 2 M microcystin-LR, and 5 mM 2-glycerol-phosphate.
Volume intensities of protein bands were quantified using Quantity One software (Bio-Rad). Experimental values (n Ն 3) were corrected for background by subtracting values obtained for uninjected lanes and then were normalized to the value obtained for immunoprecipitated wildtype EAG in the absence of CMG.
Electrophysiology. For expression in Xenopus oocytes, plasmids were linearized and RNA transcribed using the appropriate RNA polymerase according to manufacturer instructions (Message Machine; Ambion, Austin, TX). RNA concentrations were quantified with spectrophotometric readings using an average reading for three or four dilutions of RNA.
The follicular membrane of stage V-VI oocytes was removed by incubation in calcium-free OR2 solution [containing (in mM): 82.5 NaCl, 2.5 KCl, 1 MgCl 2 , 5 HEPES, pH to 7.6 with NaOH] containing collagenase (2 mg/ml; Type 1A; Sigma) for ϳ2 h at room temperature with gentle agitation. Oocytes were injected with premixed stocks of eag and cmg RNA. Individual oocytes were injected with 0.1-0.2 ng of eag RNA and an excess of cmg RNA. In some oocyte batches (oocytes from the same frog), the capacity of oocytes to translate the eag constructs was verified by performing parallel injections of a larger volume of the same RNA mix and observing a linear increase in eag current amplitude. After RNA injections, oocytes were maintained in L-15 media (containing the following: 50% L-15, 15 mM HEPES, 50 mg/ml gentamycin, and 5 mg/ml BSA, pH to 7.4 with NaOH) at 18°C for 3-5 d. Recordings were performed using a Turbo TEC-10C amplifier (NPI Electronics, Tamm, Germany) and pClamp8 software (Molecular Devices, Union City, CA). The extracellular recording solution contained the following (in mM): 140 NaCl, 2 KCl, 1 MgCl 2 , 10 HEPES, pH 7.1, with NaOH. Pipettes were filled with 2 M KCl and had resistances of 0.3-0.6 M⍀. Experiments were performed at RT.
Amplitude measurements refer to the peak currents observed during test pulses to the indicated voltages. Activation and inactivation time constants were determined by fitting traces (excluding capacitative transients) with two exponentials and a steady state. Unless otherwise noted, measurements were statistically compared using a two-way ANOVA. Data are presented as the mean Ϯ SEM.
Results

CMG modulates EAG current
To determine whether the CMG adaptor protein might regulate EAG function, we examined EAG channels expressed in Xenopus oocytes either alone or together with an excess of CMG. Figure 1 , A and B, shows examples of EAG current traces and average current-voltage relationships obtained from a representative batch of oocytes (batch refers to oocytes obtained from the same frog). In response to test pulses to ϩ60 mV (holding potential, Ϫ80 mV), coexpression with CMG resulted in peak currents that were increased 2.7-fold over control values (Fig. 1 B) . CMG produced increases in current in 19 of 21 batches of oocytes examined. The increase averaged 2.3-fold above EAG controls and was significant ( p Ͻ 0.0001) when tested using a two-way ANOVA with oocyte batch and CMG as variables. When CMG was coexpressed with Shaker, another Drosophila potassium channel, no increase in Shaker current was observed (data not shown). The average peak Shaker currents in response to test pulses to ϩ60 mV (holding potential, Ϫ100 mV) were 12.5 Ϯ 0.6 A (n ϭ 8) and 10.7 Ϯ 0.8 A (n ϭ 10) in the absence and presence of CMG, respectively.
The primary effect of CMG was on EAG current amplitudes. Analysis of the voltage dependence of EAG currents in an extracellular solution containing 25 mM KCl to enhance tail currents revealed little change in either the slope or midpoint of activation when EAG was coexpressed with CMG ( Fig. 1C) . Scaled representative traces for the two conditions are shown in Figure 1 D (top). Examination of activation and inactivation kinetics revealed only a modest increase in the inactivation time constant and a decrease in the percentage of inactivation ( Fig. 1 D, bottom). The CMG-mediated decrease in inactivation was observed even when comparing oocytes with similar current amplitudes, suggesting that the effect on kinetics was not caused by a decreased efficiency of the voltage clamp for larger currents.
Many adaptor proteins affect the function of associated proteins by colocalizing the proteins with other modulators. Previous work has shown that EAG is phosphorylated by CaMKII activity endogenous to the oocytes even at basal calcium levels (Wang et al., 2002) . Both the increase in current amplitude and the changes in inactivation in the presence of CMG are reminiscent of the changes in current observed as a consequence of phosphorylation. Because CaMKII has been shown to associate with CMG in the presence of ATP and calcium/calmodulin (Lu et al., 2003) , we sought to determine whether the effect of CMG on EAG currents could be mediated by phosphorylation. As shown in Figure  1E , the effect of CMG was dependent on EAG-T787, the residue previously shown to be phosphorylated by CaMKII in vitro and in vivo. When threonine at position 787 was replaced by alanine (EAG-T787A), CMG failed to increase current or affect inactivation.
The increase in current observed for wild-type channels in the presence of CMG is most likely a result of an increase in the number of active channels given the lack of an appreciable change in either voltage dependence or kinetics. Figure 1 F displays the change in EAG activity in terms of the whole-cell conductance for the batch of oocytes examined in Figure 1 B. Figure 1G summarizes and compares the effect of CMG on the whole-cell conductance of oocytes expressing EAG and EAG-T787A for three representative oocyte batches. If changes in open probability or single-channel conductance do not contribute to the effect of CMG on EAG current, the average increase in conductance suggests a more than twofold increase in the number of functional channels at the plasma membrane.
EAG and CMG coimmunoprecipitate from oocyte extracts
When oocyte extracts were probed with EAG (CT) antisera (Fig.  2 A, top blot, left three lanes), two protein bands were clearly identified. The primary EAG band ranged between 180 and 200 kDa, depending on the protein markers used (Fig. 2 A, top, lanes  2 and 3) . The second, lower molecular weight, band was also reliably observed and is most likely an alternate modification of the protein or a degradation product. Both bands were absent in Western blots of extracts prepared from uninjected oocytes (Fig.  2 A, top, lane 1) .
Immunoprecipitation reactions indicated that, in oocytes, EAG and CMG are part of the same protein complex. Immunoprecipitations using anti-CMG, but not preimmune, sera coprecipitated the EAG protein (Fig. 2 A, top, lanes 3 and 4) . The reverse immunoprecipitation reaction is shown in the bottom blot (right three lanes). Immunoprecipitations using anti-EAG (NT), but not preimmune, sera coprecipitated CMG, which was observed as a single band near the predicted molecular weight of 103 kDa.
CMG and phosphorylation regulate EAG surface expression
One possible explanation of the failure of CMG to enhance EAG-T787A currents in our electrophysiological experiments is that phosphorylation of T787 may be required for the association of CMG with EAG. As shown in Figure 2 A (top and bottom, lanes 6 and 9), there was no appreciable difference in the ability to immunoprecipitate the complex when EAG-T787A was expressed instead of the wild-type channel, indicating that phosphorylation is not a prerequisite for formation of the complex. Either phosphorylation is required for CMG to exert an effect on EAG currents or, alternatively, the increase in current observed in the presence of CMG is the result of an increase in the efficiency of phosphorylation.
To begin to distinguish between these alternatives, we further investigated the mechanism underlying the effect of CMG on EAG current. Oocytes were surface labeled with biotin, and, after biotin treatment, EAG was isolated by immunoprecipitation with EAG (NT) antisera (Fig. 2 B, top blot) . As shown in Figure 2 B (bottom blot) for a parallel blot of the immunoprecipitate probed with streptavidin, only the lower EAG band was detectably biotinylated. More importantly, compared with EAG channels expressed alone, there was a clear increase in the biotinylation of EAG when CMG was coexpressed (bottom blot, lanes 2 and 3). Finally, biotinylated EAG was lowest when expressing EAG-T787A (compare lanes 2 and 4). Semiquantitative comparisons of band intensities normalized to the intensity observed for wildtype EAG indicated that the increases in biotinylation of EAG observed as a consequence of CMG and phosphorylation of EAG-T787 were significant (Fig. 2 B, bottom) . The average increase in biotinylation observed for EAG in the presence of CMG was comparable with the increase in whole-cell conductance observed in oocyte recordings (Fig. 1G ). In addition, the decrease in biotinylation observed for EAG-T787A when compared with wild-type EAG closely approximated the previously reported decrease in current observed when oocytes are injected with approximately equal concentrations of RNA (Wang et al., 2002) . A similar difference is observed in the experiments of Figure 1 (compare the current levels in B and E). These results suggest that CMG and phosphorylation of EAG-T787 increase EAG current by the same mechanism, namely by increasing the number of EAG channels in the plasma membrane.
CMG increases phosphorylation of EAG-T787
To determine whether the increase in current observed in the presence of CMG is the result of an increase in the efficiency of phosphorylation of EAG-T787, we immunoprecipitated EAG from oocyte extracts and probed the precipitate with an EAG or eag together with an excess of cmg (n ϭ 10), as indicated. Currents were elicited by a series of voltage steps from Ϫ100 to 80 mV (holding potential, Ϫ80 mV). Leak subtraction was performed using a P/4 protocol with pulses of opposite polarity preceding each test pulse (holding potential, Ϫ80 mV). C, Normalized conductance-voltage (GV ) relationships for wild-type EAG channels, alone (n ϭ 9) or in the presence of CMG (n ϭ 16). For each oocyte, conductance was determined using the relationship G ϭ I tail /(V tail Ϫ E K ) and normalized to the maximum conductance. Measurements were made in an extracellular solution containing 25 mM KCl to enhance tail currents. E K was experimentally determined for each oocyte. Boltzmann functions fit to the averaged data had a midpoint and slope of Ϫ12.2 mV and 10.3 for EAG and a midpoint and slope of Ϫ13.6 mV and 9.2 for EAG in the presence of CMG. D, Top, Scaled representative traces obtained for EAG alone (I peak ϭ 3.0 A) or together with CMG (I peak ϭ 4.8 A). Currents were elicited by a 400 ms pulse to 40 mV from a holding potential of Ϫ80 mV. Bottom, Kinetics of EAG currents in the absence and presence of CMG. Three batches of oocytes with a mean fold increase in current amplitude that approximated the mean for all oocytes were selected for kinetic analysis. For each oocyte, activation (left) and inactivation (middle) taus were obtained byfittingtwoexponentialsplusaconstanttothefirst200msoftheresponsetoa400mstestpulseto 40mV(holdingpotential,Ϫ80mV).Thepercentageofinactivation(inact)wasdeterminedbydividingthemeancurrentobtainedduringthefinal10msofthepulsebythepeakcurrentobservedduring the pulse. n ϭ 26 and 28 for EAG and EAG with CMG, respectively. The effect of CMG was analyzed usingatwo-wayANOVAwithoocytebatchandCMGasvariables(*pϽ0.05;***pϽ0.001;N.S.,not significant).E,CMGfailstoaffectEAG-T787A.ExperimentswereperformedasinB.nϭ9and9inthe absence or presence of CMG, respectively. F, GV relationships for EAG channels expressed alone or together with CMG. Currents shown in B were converted to conductance using the relationship G ϭ I test /(V test Ϫ E K ). E K was assumed to be Ϫ80 mV. G, CMG increases the average whole-cell conductance in oocytes expressing the wild-type, but not mutant, channel. Fold increase in the whole-cell conductance for the oocytes described in Dand three batches of oocytes expressing EAG-T787A alone or with CMG. Conductances were determined as described in F in response to a test pulse to 60 mV (holding potential, Ϫ80 mV). To normalize for variation in channel expression across different batches of oocytes, the mean conductance in the presence of CMG was normalized to the mean conductance obtained for that batch of oocytes expressing EAG or EAG-T787A alone. The number of oocytes examined for each condition is indicated above each bar. The effect of CMG was statistically analyzed as described in D. Error bars represent SEM.
antibody that specifically recognizes EAG phosphorylated at T787 (Wang et al., 2002) . As shown in Figure 2C (left), whereas there was no detectable difference in the overall level of EAG as a function of CMG (top), phosphorylation of T787 was increased when CMG was coexpressed (bottom). Comparisons of the level of phosphorylation averaged across multiple experiments (Fig. 2C, right) indicated that the change in phosphorylation was significant. In summary, the enhancement of EAG current observed in the presence of CMG appears, at least in part, to be caused by an increase in the phosphorylation of T787. It remains unclear, however, whether phosphorylation is the sole mechanism underlying the increase in conductance and surface expression of EAG given the difference in the magnitudes of the effects. One possible explanation of this difference is that phosphorylation of EAG is more likely for channels in the membrane. Differences in the solubility of cytoplasmic versus membraneassociated channels may obscure differences in phosphorylation. Alternatively, the association with CMG and phosphorylation could have synergistic effects on the surface expression of EAG channels.
EAG recruits CMG to the plasma membrane in COS-7 cells
Additional indication of a functionally relevant interaction between EAG and CMG was obtained in COS-7 cells. Our ability to examine colocalization of EAG and CMG, as well as changes in the surface expression of EAG, was hampered by the fact that the primary epitope used by the only antibody, ␣-EAG(CT), that recognizes EAG in immunocytochemical experiments appears to be occluded when CMG is bound; in separate experiments, ␣-EAG(CT) was the only anti-EAG antibody examined that failed to coprecipitate CMG from oocyte extracts (D. D. Marble and G. F. Wilson, unpublished observations). Although we were unable to examine changes in the localization of EAG, experiments in COS-7 cells suggested that the EAG-CMG complex may play a role in localizing CMG, in addition to its role in the modulation of EAG current. Changes in the localization of CMG as a function of coexpression with EAG were assessed using another binding partner, Tbr-1, a T-box transcription factor known to associate with the mammalian CMG homolog CASK (Hsueh et al., 2000) . As shown in Figure 3A , little or no background labeling was observed when cells were mock-transfected with empty vector (left top panel). CMG expressed alone (right top panel) was localized to the cytoplasm and displayed a pattern consistent with a distribution to the endoplasmic reticulum as has been observed in the case of CASK (Hsueh et al., 2000) . Also consistent with previous experiments, cotransfection with Tbr-1 shifted CMG into the nucleus (right middle panel). Most importantly, when EAG was coexpressed with CMG and Tbr-1, EAG successfully recruited a significant fraction of the CMG protein away from the nucleus to the cytoplasm and the plasma membrane (indicated by the arrows in the inset of the left bottom panel). In contrast, coexpression with the Shaker K channel, another MAGUK-interacting protein (Kim et al., 1995) , failed to compete with Tbr-1 to alter CMG localization (bottom right panel). Finally, plasma membrane localization of CMG was also observed in the presence of EAG alone (indicated by the arrows in the inset in the left middle panel). Differences in CMG localization as a function of coexpression with Tbr-1 and EAG were quantified using line scans of fluorescence intensity normalized to the maximum fluorescence observed in each image examined. Figure 3B shows representative line scans, taken across the segments indicated by the arrowheads, for the panels shown in Figure 2 . CMG associates with EAG and increases EAG surface expression and phosphorylation. A, Coimmunoprecipitation of EAG and CMG from Xenopus oocyte extracts. Lanes 1-3 show oocyte extracts for comparison; lane 4, immunoprecipitation with preimmune sera; lanes 5 and 6, immunoprecipitation with indicated antibody. CMG associates with both wild-type and EAG-T787A channels. Top (lanes 5, 6), Immunoprecipitation with CMG antisera. Bottom (lanes 5, 6), Reverse immunoprecipitation with EAG (NT) antisera. Similar results were observed in five experiments. Respective loads were 5, 10, and 20 l for extracts, immunoprecipitated proteins, and coimmunoprecipitated proteins, respectively (see Materials and Methods). B, CMG and phosphorylation of EAG-T787 both increase EAG surface expression. Top, Oocytes were labeled with biotin for 30 min and then quenched with glycine as described in Materials and Methods before preparation of oocyte extracts. For each condition, 600 l of extract obtained from 50 oocytes was used for immunoprecipitation with EAG (NT) antisera. Proteins were separated by SDS-PAGE, transferred to PVDF membranes, blotted with the indicated antisera, and processed with ECL. Gels were run in parallel with equal amounts of the precipitates. Bottom, Streptavidin-labeled bands were quantified by densitometry and normalized to the intensity of the EAG band in each experiment; data are presented as the mean Ϯ SEM; n ϭ 3(*p Յ 0.05; **p Յ 0.01; ***p Յ 0.005). C, CMG increases phosphorylation of EAG-T787. Top, EAG was immunoprecipitated from oocyte extracts with EAG (NT) antisera. Gels were run in parallel, proteins transferred to PVDF membranes, which were then probed with either EAG (CT) antisera (top) or antibody recognizing EAG phosphorylated at T787 (bottom) (Wang et al., 2002) . Bottom, EAG labeled by phospho-specific antibody. Bands were quantified by densitometry and normalized to the EAG (CT)-labeled band and the corresponding region of the uninjected oocyte lane for each experiment; data are presented as the mean Ϯ SEM; n ϭ 3; p values as in C. IP, Immunoprecipitation. Figure 3A . Figure 3C displays line scan data for the cytoplasm, nucleus, and membrane averaged across three separate experiments. In each case, EAG produced a significant change in the localization of CMG when compared with the localization of CMG in the presence of Tbr-1 (see also Fig. 6 E) .
EAG and CMG coimmunoprecipitate from Drosophila extracts
Immunoprecipitation reactions using protein extracts from wandering third-instar larvae indicated that EAG and CMG associate in vivo. In the experiment of Figure 4 , CMG was immunoprecipitated and the precipitates separated by SDS-PAGE. Blotting with CMG antisera identified a single band near the molecular weight predicted for CMG, 103 kDa (Fig. 4 A) , for immunoprecipitates from extracts of both wild-type and eag null mutants (eag sc29 ). More importantly, as shown in Figure 4 B, EAG was observed in both extracts (left panel) and CMG immunoprecipitates (right panel) from wild-type larvae but was absent in eag sc29 larvae. As observed for oocytes, the primary EAG band was higher than the molecular weight predicted for EAG, but this band was identified by three antisera raised against different regions of the EAG protein (data not shown). The EAG-CMG complex also could be observed in immunoprecipitation reactions using membrane fractions prepared from adult fly heads (data not shown). In addition, reciprocal coimmunoprecipitation of CMG using ␣-EAG(NT) antisera was possible, but only when CMG was overexpressed using the Gal4-upstream activation sequence system coupled with the neuron-specific C155-elav driver; this is presumably because of an observed decrease in EAG precipitation efficiency when using ␣-EAG(NT) versus ␣-EAG(CT) antisera (data not shown). These results suggest that EAG and CMG are part of a protein complex in vivo; however, neither these results nor our electrophysiological experiments in oocytes address whether the interaction between EAG and CMG is direct.
In vitro binding assays identify a direct interaction between EAG and CMG
A direct association of EAG and CMG was suggested by in vitro binding assays (Fig.  5) . In these assays, GST-tagged CMG or CMG domains were immobilized on glutathione Sepharose beads and the ability to "pull down" 6H-tagged EAG fragments assessed in Western blots using antibody directed against the MRSG-6H tag. The EAG and CMG fragments used to map the respective EAG-and CMG-binding sites are shown in Figure 5 , A and B, together with a rating of their relative binding. As shown in Figure 5C for the EAG fragment 6H-EAG 869 -1107 , nearly all of the EAG available associated with GST-CMG (compare lanes 1 and 3). There was minimal background binding to the beadimmobilized GST tag, indicating that the association of EAG with CMG was not a result of a nonspecific effect.
EAG C-terminal fragments associating with full-length CMG associated most robustly with the SH3 and guanylate kinase (GUK) domains of CMG (Fig. 5C ). Although interactions with the GST-tagged CaMKII-like and PDZ [postsynaptic density-95 (PSD-95)/DLG/zona occludens-1] domains of CMG were also observed, the SH3 and GUK domains came closest to approximating the binding observed to the full-length CMG protein.
Recent structural studies have suggested that the SH3 domain of PSD-95, another MAGUK protein, requires the GUK domain for proper orientation of the SH3 domain-binding pocket (McGee et al., 2001 ). However, in our experiments, there was no additional increase in the association of EAG when using a larger CMG fragment including both the SH3 and GUK domains (Fig. 5B , GST-CMG 584 -898 ).
Additional experiments further characterized the interaction Tbr-1 is coexpressed as has been reported previously for the CMG homolog CASK (Hsueh et al., 2000) . As shown in the bottom left panel, EAG competes with Tbr-1 to recruit a fraction of CMG to the plasma membrane, whereas Shaker fails to shift CMG from the nucleus. GW-CMV-Tbr-1 was a gift from M. Sheng (Massachusetts Institute of Technology, Cambridge, MA). Images were background subtracted for display using NIH Image software. Dashed boxes indicate the magnified areas displayed in the insets. Arrows within insets point to areas exhibiting particularly robust membrane staining. Scale bar, 10 m. B, Representative line scans of fluorescence intensity for key panels in A. In each case, the scanned segment is the area between the two arrowheads. Intensity measurements were normalized to the highest intensity point of each image. C, Averaged, normalized line scan data from three separate experiments examining the distribution of CMG to the cytoplasm, nucleus, and membrane for three expression conditions: CMG (C), CMG and Tbr-1 (CT), and CMG, Tbr-1, and EAG (CTE). Note that the bottom left panel of A was excluded from the analysis, given our inability to distinguish between the nucleus and cytoplasm. One-way ANOVA comparisons of fluorescence intensity are between C versus CT and CT versus CTE conditions (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; N.S., not significant). Error bars represent SEM.
of EAG with CMG in regard to its specificity, affinity, and mechanism. Figure 5D shows in vitro pull-down assays examining the binding of 6H-EAG 869 -1107 to a selection of SH3 domain fusion proteins immobilized on glutathione Sepharose beads. The association of EAG with the CMG SH3 domain was specific because there was minimal binding to the SH3 domains of src and the human DLG ortholog (Fig. 5D ). Although EAG also bound to the SH3 domain of DLG, coexpression of EAG with DLG in oocytes failed to produce an increase in current (data not shown). In ELISAs (Fig. 5E ), full-length CMG bound 6H-EAG 869 -1107 with a K d of 1-2 nM, whereas the CMG SH3 domain displayed a K d of ϳ20 nM. Thus, interactions with other domains of CMG likely contribute to the affinity of the interaction. Finally, as shown in Figure 5F , the interaction between EAG and CMG was resistant to increases in salt concentration. Binding to CMG only decreased when the salt concentration was increased to above 1 M, suggesting that binding is not solely mediated by electrostatic interactions.
Mapping the EAG interaction site identifies a noncanonical SH3-binding motif
Additional in vitro binding experiments were performed with the aim of mapping the primary interaction site in EAG. The C-terminal cytoplasmic domain of EAG contains six putative SH3 domain-binding sites, as identified by the presence of a PxxP consensus sequence (Sparks et al., 1998) . Indeed, as indicated on the right of Figure 5A , any EAG C-terminal fragment that contained the fourth putative SH3-binding motif directly associated with GST-tagged CMG. To determine whether this region was sufficient for the interaction, 38 amino acids spanning the fourth SH3 motif (residues 1032-1070) were attached to a DHFR tag. Because DHFR-EAG 1032-1070 associated with CMG (Fig. 5A) , the fourth SH3 motif appears necessary and sufficient for the interaction. Two strategies were used to definitively establish the fourth SH3-binding motif as the site of the interaction with CMG. First, a peptide containing the fourth PxxP motif together with additional flanking amino acids (EAG 1039 -1054 ) was synthesized, cross-linked to beads, and then examined for its ability to pull down CMG SH3 domain that had been cleaved from the GST tag using thrombin. No association was observed although a 16 amino acid peptide that has been used to investigate the specificity of binding to the Src SH3 domain (src peptide) (Sparks et al., 1998) associated with the Src SH3 domain under the same experimental conditions (data not shown). Second, rationalizing that the peptide may not have contained a sufficient number of flanking amino acids, we generated a point mutation in the first proline of the fourth SH3-binding motif in the 6H-EAG 869 -1107 fragment (P1045A). Little or no decrease in the association of this fragment with full-length CMG was observed (Fig. 6 B, compare  lanes 1 and 4) . Recent work has established that some SH3 domains interact with a noncanonical binding motif characterized by an RxxK consensus sequence (Harkiolaki et al., 2003; Liu et al., 2003) . As shown in Figure 6 A, this sequence also is present in EAG just four amino acids upstream of the fourth PxxP motif. Indeed, binding to CMG was substantially reduced when leucine was substituted for arginine at residue 1037 (Fig. 6 B, lane 2, R1037L 869 -1107 ). Binding to the SH3 domain was eliminated when the other basic residue in this motif, lysine at position 1040, was replaced by methionine ( Fig. 6 B, lane 3, K1040M) .
To determine whether the above mutations were sufficient to disrupt the effect of CMG on EAG current, we returned to the oocyte expression system. As shown in Figure 6C , which compares scaled representative traces for wild-type and EAG-R1037L/K1040M channels, channel function was essentially unaffected by mutations in the SH3 domain-binding site. Figure 6 D shows the result of coexpressing CMG with wild-type EAG, EAG-R1037L, EAG-K1040M, or the double mutant, EAG-R1037L/ K1040M. As observed in our previous experiments, CMG produced a more than twofold increase in the whole-cell conductance of wild-type channels. The CMG-mediated increase was drastically reduced for EAG-R1037L and eliminated in EAG-K1040M and the double mutant. Finally, the SH3-binding motif also was required for the effect of EAG on CMG localization in COS-7 cells. As shown in Figure 6 E, although wild-type EAG produced the same changes in CMG localization observed in the experiments of Figure 3 (CTE-labeled panels), EAG-R1037L/ K1040M failed to compete with Tbr-1 (CTR-labeled panels). When statistically analyzed using a one-way ANOVA, there was no significant difference in the distribution of CMG to the membrane, cytoplasm, or nucleus when comparing averaged line scan data for the CMG and Tbr-1 and CMG, Tbr-1, and EAG-R1037L/ K1040M conditions. Together, these results indicate that a direct interaction between EAG and CMG is required for the effect of EAG on the localization of CMG, as well as the effect of CMG on EAG current.
Discussion
Our findings indicate that EAG is functionally regulated by an association with the CMG adaptor protein. The primary effect of CMG is to increase EAG current and whole-cell conductance, and this increase depends on a direct association between proteins, because mutations of the CMG-binding motif in EAG prevent the effect. In addition, EAG successfully competes with another CMG/CASK-interacting protein to alter the localization of CMG. Thus, another distinct function of the EAG-CMG complex may be to localize CMG to the plasma membrane. . Native EAG and CMG coimmunoprecipitate from Drosophila extracts. Protein extracts were prepared from the nervous system, imaginal discs, and body muscle fibers of thirdinstar larvae. CMG antisera were used to immunopreciptate CMG and associating proteins from extracts prepared from the indicated genotypes. Precipitated proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and then probed with either CMG (A) or EAG (NT) antisera (B, right), followed by HRP-conjugated anti-guinea pig or anti-rabbit IgG, respectively. For comparison, input extract probed with EAG (NT) antisera is shown in the left panel of B. Respective loads were 5, 10, and 20 l for extracts, immunoprecipitated proteins, and coimmunoprecipitated proteins, respectively (see Materials and Methods). Similar results were obtained in five experiments. Bands were visualized using ECL. WT, Wild type; IP, immunoprecipitation.
The mechanism primarily responsible for the increase in current appears to be an increase in the surface expression of EAG. Intriguingly, effects opposite those produced by CMG, namely decreased EAG current, decreased surface expression of EAG, and decreased inactivation, are observed when phosphorylation of EAG-T787 is prevented either by mutation of the phosphorylation site or by inhibition of CaMKII (Wang et al., 2002 ; present study). These findings suggest that the effect of CMG is produced by an increase in the phosphorylation of EAG-T787. In agreement, CMG increased the phosphorylation of EAG-T787, and mutation of this site prevented the CMG-mediated increase in EAG current without disrupting formation of the EAG-CMG complex. These results suggest that the mechanism underlying the effect of CMG is indirect and point to a change in the localization or activity of either a kinase or phosphatase in the vicinity of the channel. In addition, however, the possibility that CMG also directly affects the surface expression of phosphorylated EAG has not been ruled out. Direct and indirect effects of CMG may additively affect the membrane association of EAG channels.
At present, the enzyme most likely responsible for mediating the effect of CMG is CaMKII. EAG-T787 has been shown previously to be phosphorylated by CaMKII, inhibition of CaMKII has been shown to decrease EAG current, and CaMKII directly associates with CMG (Wang et al., 2002; Lu et al., 2003) . However, it is not known whether other kinases such as protein kinase A can also phosphorylate T787, nor has the phosphatase responsible for dephosphorylating T787 been identified. Our results do not rule out the possibility that CMG may change the localization, activity, or efficiency of another kinase or a protein phosphatase. Nonetheless, given that CMG interacts with CaMKII (Lu et al., 2003) , and given that no interaction between CMG (or its orthologs) and other kinases or phosphatases has been identified, the most likely model accounting for the CMG effect on EAG is one in which a common association with CMG colocalizes EAG with CaMKII and increases the efficiency of phosphorylation.
Intriguingly, after decreases in calcium, the association with CMG promotes phosphorylation of T306 of CaMKII, rendering the kinase inactive and then releasing it (Lu et al., 2003) . CaMKII cannot be activated by subsequent increases in calcium as long as phosphorylation of T306 persists. The creation of a pool of inactive kinase predicts that CMG should have produced a decrease in EAG current, rather than the observed increase at basal calcium levels. These observations can be reconciled, however, if the cytoplasm and the local membrane are considered as separate compartments. Because CMG only associates with active kinase, CMG, in addition to globally increasing the pool of inactive kinase, may ensure that only active kinase is in the vicinity of the channel. Alternatively, EAG may directly or indirectly change the effect of CMG on CaMKII. Assuming that the majority of EAG is normally localized at the membrane, either alternative would result in an increase in active kinase at the membrane versus the cytoplasm. The stability of the CMG/ Figure 5 . A direct interaction between EAG and CMG adaptor protein in in vitro binding assays. A, Schematic representation and respective binding for the EAG protein constructs used in mapping experiments. For comparison, full-length EAG is shown at the top with the primary domains as indicated, including the six putative transmembrane domains, pore (P), and the region with homology to cyclic nucleotide-binding domains (CNBD). The amino acid residues contained in each EAG construct are noted by the subscripted numbers on the left, and the relative binding of each construct to full-length CMG is indicated on the right. Note that the EAG C-terminal cytoplasmic domain contains six SH3-binding motifs as defined by the PxxP consensus sequence. The locations of these potential binding sites are indicated by asterisks. B, Schematic representation and respective binding for the CMG constructs used in mapping experiments as described for A. CK, CaMKII-like domain. Binding to 6H-EAG 869 -1107 is shown in C-F. This fragment was chosen for display because there was minimal degradation during purification. C, 6H-EAG 869 -1107 binding to full-length CMG and CMG domains. GST-tagged CMG fragments immobilized on glutathione Sepharose beads were assayed for their ability to pull down 6H-EAG 869 -1107 as described in Materials and Methods. Top, Western blot probed with MRGS-6H antibody to detect interacting EAG fragments. Bottom, Bound 6H-EAG 869 -1107 quantified by densitometry; data are presented as the mean Ϯ SEM; n ϭ 3. D, 6H-EAG 869 -1107 binding to GST-SH3 domain fusion proteins. Top, The ability of purified GST-SH3 domains, derived from the proteins indicated above each lane, to pull down 6H-EAG 869 -1107 was determined in immunoblots by comparing the relative amount of associating 6H-EAG 869 -1107 to the amount available during the interaction experiment (left lane). As shown in lanes 2 and 3, there was little or no background binding to either glutathione Sepharose or immobilized GST tag. Bottom, Bound 6H-EAG 869 -1107 quantified by densitometry; data are presented as the mean Ϯ SEM; n ϭ 3. E, Dose-response curves comparing the binding of CMG and the CMG SH3 domains to 6H-EAG 869 -1107 . Wells were coated overnight with 6H-EAG 869 -1107 , washed, and then incubated with the indicated concentrations of GST fusion protein. Bound protein was detected using anti-GST antibody, followed by alkaline phosphatase-conjugated secondary antibody and treatment with p-nitrophenylphosphate. Binding was determined by colorimetric reaction at 405 nm. Each concentration was assayed in quadruplicate. Data are presented as the mean Ϯ SEM; n ϭ 4. O.D., Optical density. F, Effect of salt concentration on the 6H-EAG 869 -1107-CMG complex. Experiments examining the binding to GST-CMG were performed as described in Materials and Methods, with the exception that PBS buffer was modified to include the indicated NaCl concentrations. Complex formation was relatively unaffected in up to 1000 mM salt. Bottom, Bound 6H-EAG 869 -1107 quantified by densitometry; data are presented as the mean Ϯ SEM; n ϭ 3.
CaMKII complex may also be regulated by the activity history of the synapse. Calcium influx can cause T287 phosphorylation, which, in addition to making the kinase activity calcium independent, can decrease the off-rate of CaM by four orders of magnitude (Putkey and Waxham, 1996) . CaMKII with "trapped" CaM would be resistant to deactivation by CMG even at low intracellular calcium. EAG that was localized at a synapse that had been previously active then would be expected to be susceptible to CMG regulation.
The common association of CMG with EAG and CaMKII suggests that CMG acts as the central scaffold for the complex. However, EAG also directly associates with activated CaMKII (Sun et al., 2004) , suggesting that EAG and CMG play equally important roles. The association between EAG and CaMKII constitutively activates the kinase and CaMKII remains associated with EAG, even once calcium returns to resting levels (Sun et al., 2004) . Thus, the presence of EAG in the complex may alter the net effect of CMG on CaMKII activity. Finally, although phosphorylation of EAG-T787 is likely to occur via the constitutively active kinase, this constitutive activity is considerably lower than that of the fully activated kinase (Sun et al., 2004) . Indeed, in our experiments, the association with CMG further increased EAG currents and phosphorylation of the channel above and beyond the levels achieved by the CaMKII endogenous to oocytes. CMG may localize and then transfer CaMKII to EAG, or CaMKII holoenzyme, which has 12 subunits, may be able to bind to both EAG and CMG simultaneously. In addition, CMG may increase the number of CaMKII molecules in the vicinity of the channel, and interlocking all three proteins may further stabilize an EAG-CMG-CaMKII complex.
The clearest demonstration of the physiological importance of CMG/CASK/LIN-2, to date, has been obtained in Caenorhabditis elegans, in which a complex of proteins including LIN-2, LIN-7, and LIN-10 localizes the receptor tyrosine kinase LET-23 to the basolateral surface of vulval precursor cells. The absence of LIN-2, LIN-7, or LIN-10 results in mislocalization of LET-23 receptors, causing a vulvaless phenotype (Kaech et al., 1998) . The LIN-2-LIN-7-LIN-10 complex appears evolutionarily conserved because a similar complex, consisting of CASK, Velis, and the munc18-1-interacting protein Mint1, homologs of LIN-2, LIN-7, and LIN-10, respectively, has been observed in the mammalian CNS (Butz et al., 1998) . These authors suggest that CASK is a scaffold for proteins involved in synaptic vesicle exocytosis and cell adhesion. The presynaptic complex may include not only Velis and Mint1, but also N-type calcium channels and neurexins (Hata et al., 1996; Maximov et al., 1999) . When combined with the previously demonstrated presynaptic localization of EAG, CMG, and CaMKII (Wang et al., 2002; Lu et al., 2003; Sun et al., 2004) , our findings provide additional support for a role of CMG/CASK in presynaptic function in vivo.
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CMG out of the nucleus of COS-7 cells. Top, Background-subtracted images for three expression conditions: CMG and Tbr-1 (CT), CMG, Tbr-1, and EAG (CTE), and CMG, Tbr-1, and EAG-RL/KM (CTR). Arrowheads indicate the segments used for the line scans presented in the middle panels. Scale bar, 10 m. Middle, Representative line scans obtained as described in Figure 3C . Bottom, Averaged, normalized line scan data from three separate experiments examining the distribution of CMG to the cytoplasm, nucleus, and membrane for the three expression conditions. One-way ANOVA comparisons of fluorescence intensity between CT versus CTE and CTE versus CTR conditions were significant (***p Ͻ 0.001). In contrast, there was no significant difference (N.S.) between the CT and CTR conditions. Error bars represent SEM. Figure 6 . A noncanonical SH3-binding motif in EAG mediates the EAG-CMG interaction. A, Comparison of the amino acid sequence surrounding the fourth putative SH3-binding motif to the amino acid sequence of the noncanonical SH3-binding site in SLP-76, the Src homology 2 (SH2) domain containing a leukocyte protein of 76 kDa. Note that both proteins also contain prolines in the nearby sequence. B, In vitro binding assays comparing the association of 6H-EAG 869 -1107 and mutant EAG fragments (R1037L, K1040M, and R1037L/K1040M EAG) to GST-CMG, as indicated. Top, Immunoblotting with MRGS-6H antibody to detect interacting EAG fragments. Middle and bottom, Coomassie-stained gels showing the relative amounts of GST-CMG and EAG fragments present in each interaction experiment. C, Scaled representative traces obtained for wild-type and EAG-R1037L/K1049M channels. Currents were elicited by a 400 ms test pulse to ϩ40 mV from a holding potential of Ϫ80 mV. Peak current amplitudes were 2.2 and 5.0 A for EAG and EAG-R1037L/K1040M, respectively. D, Mutations in the EAG-binding site inhibit the effect of CMG on EAG conductance. Fold increase in the whole-cell conductance as a function of CMG coexpression for oocytes expressing wild-type, R1037L, K1040M, and R1037L/K1040M EAG channels. Conductances were determined as described in Figure 1G in response to a test pulse to 60 mV (holding potential, Ϫ80 mV). To normalize for normal variations in expression across different batches of oocytes, the mean conductance in the presence of CMG was normalized to the mean conductance obtained for oocytes expressing only EAG or the indicated EAG mutants. The SE and number of oocytes examined for each condition is indicated above each bar. The effect of CMG was statistically analyzed using a two-way ANOVA with oocyte batch and CMG as variables (***p Ͻ 0.001; N.S., not significant). WT, Wild type. E, Disruption of the CMG-binding site also disrupts the ability to compete with Tbr-1 and recruit
